Anorexia nervosa (AN) is characterized by anhedonia whereby patients experience little pleasure or reward in many aspects of their lives. Reward pathways and the endocannabionid system have been implicated in the mediation of food intake. The potential to exploit these systems to reverse weight loss is investigated in a rodent model of activity-based anorexia (ABA). The effect of subchronic (6 days) D 9 -tetrahydrocannabinol (THC) treatment (0.1, 0.5, or 2.0 mg/kg/day) was assessed on chow and high-fat diet (HFD) intake, body weight, running wheel activity (RWA) as well as thermogenesis in brown adipose tissue (BAT) and lipid metabolism in white adipose tissue (WAT). Limited time availability of food and continuous access to running wheels led to anorexia and significantly reduced body weight. THC treatment (0.5 and 2.0 mg/kg/day) transiently stimulated chow intake with a moderate effect on RWA. THC (2.0 mg/kg/ day) significantly reduced body weight loss and shifted markers of thermogenesis in BAT and lipid metabolism in WAT in directions consistent with reduced energy expenditure and lipolysis. THC (2.0 mg/kg/day) combined with HFD, produced a transient increase in food intake, reduction in RWA, attenuation of body weight loss, and changes in markers of thermogensis in BAT and lipolysis in the WAT. These changes were significantly greater than those seen in vehicle (HFD), vehicle (chow), and THC (chow)-treated animals. These data show for the first time the effectiveness of the endocannabinoid system in attenuating the weight loss associated with the development of ABA via a mechanism involving reduced energy expenditure.
INTRODUCTION
Anorexia nervosa (AN) is a psychiatric disorder with complex etiology, resulting in extraordinarily high rates of mortality (12.8%) and suicide (6%) (Bulik et al, 2007) . It is characterized by an onset during adolescence, predominantly in females, with severe food restriction, food-related anxiety, dramatic body weight loss, increased physical activity, hypothermia, abnormal endocrine function (amenorrhea), and importantly in terms of the present study, severe anhedonia (reduced pleasure) (Davis, 1997; Walsh and Devlin, 1998) . Although genetic, biological, sociocultural, and psychological factors undoubtedly have key roles in the pathogenesis of AN, recent evidence points toward a neurobiological contribution to its etiology (Kaye, 2008; Treasure and Campbell, 1994) .
In exploring its neurobiological underpinnings, numerous studies have hypothesized a link between disrupted reward circuitry and AN. This link is highlighted by studies showing that patients with AN lead an ascetic life, dislike high-fat foods (Drewnowski et al, 1988; Fernstrom et al, 1994) , rate food as negative when hungry (Garfinkel et al, 1979; Santel et al, 2006) , and report dysphoric mood following food consumption (Kaye et al, 2003; Vitousek and Manke, 1994) . These studies are supported by data showing neuroanatomical abnormalities in AN patients within reward-related regions of the brain including the medial prefrontal cortex (Takano et al, 2001) , nucleus accumbens (Kojima et al, 2005; Takano et al, 2001) , amygdala, and the thamalus (Takano et al, 2001) . Furthermore, neurochemical disruptions associated with the dopaminergic mesolimbic reward system are proposed in the genesis of AN (Barbato et al, 2006; Frank et al, 2005) . These reports have focused on the persistently elevated D2 and D3 receptor binding in the anterior ventral striatum, a region classically involved in modulating reward stimuli (Delgado, 2007; Frank et al, 2005) consistent with elevated D2/D3 receptor densities or reduced extracellular DA. In further support for the role of DA in AN, recent studies have shown that antagonism of D1/D2 receptor systems attenuates activity-based anorexia (ABA) (Verhagen et al, 2009a) and DA levels decline over time following exposure to the ABA model (Verhagen et al, 2009b) .
Given the centrality of the anhedonic characteristic in AN, it is possible that the weight loss associated with the disorder can be attenuated by increasing the hedonic value of food. It has been demonstrated in animal models that specific neurotransmitters in the reward pathways can be exogenously stimulated so that complex behaviors such as food seeking and food intake are increased (Berridge, 1996; Berthoud, 2006) . Toward this end, overwhelming evidence has demonstrated the role of the endocannabinoid system in reward processing and feeding behavior. The principle psychoactive ingredient in cannabis, D
9
-tetrahydrocannabinol (THC), enhances electrical self-stimulation of the medial forebrain bundle (Gardner et al, 1988) , and increases DA levels in the striatum (Malone and Taylor, 1999) , neostriatum (Taylor et al, 1988) , nucleus accumbens, and medial prefrontal cortex (Chen et al, 1990) . With regard to food intake, THC advances feeding episodes in satiated rats (for a review see ), and infusion of the endocannabinoid 2-AG directly into the nucleus accumbens stimulates appetite (Kirkham et al, 2002) . Furthermore, the levels of the endocannabinoids 2-AG and anandamide increase in the limbic forebrain of food-deprived rats (Kirkham et al, 2002) . Finally, there is suggestive evidence derived from humans showing that the endocannabinoid system is involved in AN. For example, anandamide levels are elevated in symptomatic women an effect that is inversely associated with leptin (Monteleone et al, 2005) while a dysfunctional endocannabinoid system has been linked to disordered attitudes and behaviors associated with AN (Frieling et al, 2009) .
Given the powerful role of the endocannabionid system in stimulating reward processes and the apparent poor development of these processes in AN, it is important to test the hypothesis that exogenous administration of cannabinoid type 1 (CB1) receptor agonists can reverse the anorexia displayed in a rodent ABA model. It is widely acknowledged that the development of ABA in rodents is the most robust animal model of AN where voluntary reduction in food intake, excessive physical activity, and amenhorria mimic the primary behavioral changes observed in the human condition. In the rodent paradigm unrestricted access to running wheels and timed access to food leads to a substantial decrease in food intake and a profound reduction in body weight, resulting in death by starvation if unchecked (Epling et al, 1983; Pirke et al, 1993; Routtenberg and Kuznesof, 1967) . Animals maintained on the restricted feeding schedule or access to running wheels alone will escape this debilitating weight loss, which ensues only when they are combined (Epling et al, 1983) . Similar to the human condition, the ABA model produces anorexia-like symptoms, primarily in female rodents (Hillebrand et al, 2005a; Pirke et al, 1993) , with the main characteristics of anorexia demonstrated in a number of studies (Atchley and Eckel, 2005; Dixon et al, 2003; Hillebrand et al, 2005a Hillebrand et al, ,b, 2006 .
Given the alignment of features of the ABA model with the characteristics of human AN, the present study was performed to determine whether rats exposed to the ABA regime can be rescued from subsequent weight loss by the administration of THC. The hypothesis being that the cannabinoid agonist will, by virtue of its actions on brain reward pathways, enhance the hedonic value of food. Given the well-established impact of cannabinoids on energy metabolism (Jbilo et al, 2005; Verty et al, 2009) , an alternative hypothesis is that any improvement toward positive energy balance is related to reductions in energy expenditure. This will provide greater insights into the applicability of THC-like compounds in the reversal of AN and a greater understanding of the etiology of the disorder.
MATERIALS AND METHODS

Animals
Experimentally naive female Sprague-Dawley rats weighing B200-220 g at the beginning of the experiment were used. Rats were housed individually in transparent activity wheel and living chambers (Lafayette Instrument, Lafayette, IN, USA, model no. 80859) lined with dust-free wood chips. Chambers were housed in a climate-controlled room maintained on a 12 h:12 h reverse light dark cycle (lights off at 1300 hours). Animals had ad libitum access to standard laboratory chow (GR2 Rat and Mouse Cubes, Ridley AgriProducts, Pakenham, Victoria, Australia); Analysis: acid det. fiber ¼ 10.2%, NDF ¼ 29.4%, protein ¼ 22.4%, fat ¼ 3.8%, crude fiber ¼ 6.7%, digest. energy3 ¼ 16.6 MJ/kg DM, av. CHO ¼ 27.9%), tap water, and running wheels. At the conclusion of experimental testing, all animals were killed with a lethal dose of sodium pentobarbitone (Lethabarb, Virbac Pty, NSW, Australia).
All animals were treated in accordance with the 'Principles of Laboratory Animal Care' (NIH publication No. 85-23, revised 1985) and the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. This study was reviewed and approved by the Monash University School of Biomedical Science Animal Ethics Committee. In determining the severity of ABA, animals were allowed to lose a total of 20-25% of initial body weight before being removed from the experiment and euthanized. Therefore, experiments were conducted for a maximum of 6 days or until it was deemed there were too few animals in a particular treatment group to continue.
Drugs
THC (a gift from Professor Iain McGregor, University of Sydney) available as a 28-mg THC/ml ethanol solution, was first mixed with a few drops of Tween 80 (polyoxyethylene sorbitan monooleate, ICN Biomedicals). The suspension was stirred continuously under a steady stream of nitrogen gas until all ethanol was evaporated. Physiological saline was then added and the solution was stirred until Tween 80 and THC was well dissolved. The final vehicle solution contained 15 ml of Tween 80 in 2 ml saline. The vehicle and drug solutions were administered intraperitoneally in a volume of 1 ml/kg.
Running Wheel Activity Measurement
Each running wheel was connected to an Activity Wheel Counter (Lafayette Instrument) for computer monitoring. Each activity wheel counter on each cage was in turn connected to a USB computer interface for activity wheel counters (Lafayette Instrument); the interface was connected to a computer running an Activity Wheel Software (Lafayette Instrument). The running wheel activity (RWA) data were recorded at 15 min intervals for the entire duration of the experiment.
Dose-Dependent Effect of THC on the Development of ABA
Animals (N ¼ 28) were acclimatized to the activity wheel and living chambers for a period of 10 days with ad libitum food and unlimited access to running wheels. During the acclimatization period, body weight and RWA was measured in order to obtain a stable baseline. At the end of the acclimatization period, animals were divided into four groups: vehicle (n ¼ 6); 0.1 (n ¼ 7); 0.5 (n ¼ 8); and 2.0 (n ¼ 7) mg/kg/day THC. These groups were matched for body weights and RWA. During the acclimatization period, all animals received a vehicle injection 30 min before the start of the dark cycle.
Day 1 of the treatment represented the start of the ABA when all food was removed from the cages and rats were injected with either vehicle or THC (0.1, 0.5, and 2.0 mg/kg/day) 30 min before the onset of the dark phase. At the onset of the dark phase, rats were given access to a pre-weighed quantity of food for 90 min. The amount of food provided was greater than that normally ingested during a 24-h period. At the end of this access period, all food was removed and weighed. For the remainder of the time, animals had unlimited access to water and running wheels. RWA was measured every 15 min as described above while body weight was determined every 24 h.
Combined Effect of THC and a High-Fat Diet on the Developmental of ABA Animals (N ¼ 15) were acclimatized for 10 days as described above. However, during the last 3 days of acclimatization, rats in addition to chow, were given access to an equal amount of a high-fat diet (HFD) (2080 kJ/100 g; 25.5% total fat, 13% carbohydrate, and 3% protein) in a compartmentalized hopper giving equal access to each type of food. The HFD was introduced during this time in order to prevent flavor neophobia during drug testing. Animals were then divided into two groups: vehicle (n ¼ 7) and 2.0 mg/kg/day THC (n ¼ 8). On day 1 of drug treatment, vehicle or 2.0 mg/kg/day THC was injected 30 min before the start of the dark phase. At the onset of the dark phase, rats were given access to an equal amount in kilojoules of chow and HFD for 90 min. At the end of the food access period, all food was removed and weighed. Body weight and RWA were measured as described above.
Effect of THC on Markers of Thermogenesis and Lipid Metabolism
At the end of each experiment, rats were killed by decapitation following a brief exposure to CO 2 and brown adipose tissue (BAT), inguinal white adipose tissue (iWAT), and retroperitoneal white adipose tissue (rWAT) were removed. The white fat pads represented subcutaneous and abdominal depots, respectively. The BAT was frozen immediately after removal while the rWAT and iWAT were first weighed and only the rWAT was kept for further analysis. Protein from the BAT and rWAT was extracted as previously described . In all, 10 mg protein was loaded onto a 4-20% SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane (Schleicher and Schuell, Bartell Instruments, Australia). Adequate transfer was assessed by staining the membrane with 2% Ponceau S. The membrane was blocked with 5% non-fat dry milk powder in Tris-buffered saline/1% Tween 20 (Sigma, St Louis, USA) for 1 h and incubated overnight at 4 1C with the primary antibody for UCP1 in BAT (UCP11-A, Alpha Diagnostics International, San Antonio, TX; Rabbit polyclonal, diluted 1:250) in 5% BSA in Tris-buffered saline/ Tween 20 solution) and fatty acid synthase (FAS; Sigma Aldrich, Sydney, Australia; Rabbit polyclonal, diluted 1:2000), Adipose Tissue Triglyceride Lipase (ATGL; Cell Signaling Technologies, Danvers, MA, USA, Rabbit polyclonal; diluted 1:1000), and comparative gene identification-58 (CGI-58; Abnova, Neihu District., Taipei City, Taiwan, Mouse monoclonal, diluted 1:500) in rWAT. Following secondary antibody incubation using anti-rabbit HRP (1:2000 for UCP1, FAS, and ATGL) and anti-mouse HRP (1:500 for CGI-58) protein expression signals were visualized by chemiluminescence using the LumiGlo kit (Cell Signalling Technologies, MA, USA) on Kodak Biomax X-ray film (Kodak, ML, USA). Relative densities of protein bands were assessed using a densitometer and SynGene Gene Tools analysis software (SynGene Laboratories, MD, USA).
Statistical Analysis
The RWA measurement, body weight, and amount of food consumed (g) were used as dependent variables and analyzed separately. Data for the baseline RWA count, body weight, and food consumed, were analyzed using paired t-tests or repeated measures ANOVAs. Data for the RWA were collapsed into 1-h time intervals. These data were further averaged for each time interval, for each rat in each treatment group, for the duration of the treatment period to give a 24-h variation in RWA. Time was treated as a factor. Repeated measures (treatment by time) ANOVAs with time being the repeated measure was conducted on each dependent variable. Similarly, body weight for each day for each group was averaged and analyzed using a repeated measures (treatment by day) ANOVA with day as the repeated factor. Daily food intake was measured using either a t-test or a one-way ANOVA. Where significant main effects were found, pairwise comparisons were conducted using Bonferroni adjustments for multiple comparisons. Mauchly's W was computed to check for violations of the sphericity assumptions. When Mauchly's W test was significant, the Greenhouse-Geisser correction was applied. For western blot analysis and iWAT and rWAT weights, a one-way ANOVA was performed to determine if the protein expression and fat pad weights of the various groups were significantly differentially affected by the treatment.
RESULTS
Dose-Dependent Effect of THC on the Development of ABA
The mean quantity of food consumed and RWA during the entire acclimatization period did not differ significantly between the treatment groups. As a result, there was no significant difference in the mean body weights of each treatment group at the start of the experiment. It should be noted that two animals treated with vehicle reached the 20-25% weight loss criterion on day 5 and hence were removed from the experiment and not injected on day 6.
During the ABA phase, animals were injected with either vehicle or different doses of THC (0.1, 0.5, or 2.0 mg/kg/day) 30 min before the start of the dark phase and food intake measured 90 min after the start of the dark phase. At the end of the 90-min food access period, a significant transient increase in feeding was observed only in those animals administered 0.5 and 2.0 mg/kg/day THC on day 1 (F (1,27) ¼ 12.99; Po0.05) of treatment. This effect was not evident on subsequent days of treatment at which time the groups were indistinguishable from each other (Figure 1a) .
Average daily 24 h RWA showed a phasic response represented by an increase in activity occurring during the dark phase and a decrease during the light phase. The pattern of RWA observed during the light phase showed a non-significant increase in anticipatory RWA at least 3 h before the onset of the dark phase (Figure 1b) . Average RWA for the entire experimental period highlighted a delay in the onset of activity in the dark phase in THC-treated animals as well as a reduction in the amplitude of RWA compared with vehicle. This effect was present in all THC-treated animals but was most pronounced and only reached significance in the group given 0.5 mg/kg/day THC (F (1,27) ¼ 42.63; Po0.05) (Figure 1b) . Interestingly, the dose of THC (0.5 mg/kg/day) that significantly reduced RWA did not attenuate the body weight loss when compared with vehicle-treated animals. In fact, the 0.1 and 0.5 mg/kg/day THC-treated animals lost 24% of their starting weight that was similar to the weight lost by the vehicle-treated group (Figure 1c) . A significant attenuation of weight loss was seen only with the high dose of THC (2.0 mg/kg/day). By comparison, these animals lost only 15% of their starting body weights (F (1,27) ¼ 21.03; Po0.05). The attenuation of body weight by 2.0 mg/kg/day THC was significant for the entire treatment period when compared with vehicle, 0.1, and 0.5 mg/kg/day THC (treatment by time interaction: (F (4,41) ¼ 2.93; Po0.05)) (Figure 1c ).
Combined Effect of THC and HFD on the Development of ABA
Given the effectiveness of 2.0 mg/kg/day THC in attenuating body weight loss without affecting RWA, we used this dose in all subsequent studies.
The amount of all types of food consumed, RWA, and body weight during acclimatization period did not differ significantly between the treatment groups. Furthermore, there was no significant change in RWA due to the introduction of a HFD when compared with the baseline RWA in animals fed a chow diet. When food intake was measured on each day of the experimental period, the 2.0 mg/kg/day dose of THC significantly stimulated chow (F (1,14) ¼ 10.21; Po0.05) (Figure 2a ) and HFD (F (1,14) ¼ 13.65; Po0.05) (Figure 2b ) intake on days 1 and 2. Over the entire experimental period (6 days), both groups (vehicle and THC) significantly increased their average HFD intake compared with chow; however, there was no difference in the average daily intake between the vehicle and THC groups fed either chow or HFD.
A significant delay in the onset of RWA during 2, 3, and 4 h of the dark phase was seen when 2.0 mg/kg/day THC was administered compared with vehicle (F (1,14) ¼ 19.51; Po0.05). Following this initial delay, both the vehicle and THC-treated animals were indistinguishable for the remainder of the measurement period (Figure 3a) . Similar to the RWA in experiment 1, there was an increase in anticipatory RWA in the last 3 h of the light phase in each of the two treatment groups (Figure 3a) .
With regard to body weight, vehicle (HFD)-treated animals lost weight at a steady rate reaching 15% body weight loss on average after 6 days. In comparison, the 2.0 mg/kg/day THC (HFD) animals lost significantly less It is interesting to note that 2 mg/kg/day THC (chow) animals ( Figure 1c ) lost the same amount of weight (15%) as the vehicle (HFD) animals (15%) (Figure 3b ). Amalgamating the data derived from vehicle (chow) and 2 mg/kg/day THC (chow)-treated animals ( Figure 1c ) with vehicle (HFD) and 2 mg/kg/day THC (HFD)-treated animals ( Figure 3b) shows that the combination of HFD and THC produces a significantly greater attenuation of body weight loss (9% body weight loss from starting body weight) when compared with the vehicle (chow), THC (chow), and vehicle (HFD) animals (Figure 4) (F (1,28) ¼ 35.62; Po0.05). This attenuation of weight loss was significantly greater than would be attributed to the attenuation of weight loss observed with vehicle (HFD) and THC (chow) animals (treatment by time interaction: (F (4,41) ¼ 8.95; Po0.05)). It should be noted that a one-way ANOVA analyzing the body weights at the start of the ABA of the two cohort of animals used to generate the data set shown in Figures 1c and 3b were not significantly different from each other.
Effect of THC on WAT Weight and the Expression of Markers of Thermogenesis and Lipid Metabolism in the Development of ABA
Following subchronic treatment with THC or vehicle in conjunction with different diets as described above, the weight of the rWAT in the THC (chow) and vehicle (HFD)-treated rats was significantly elevated from control (vehicle (chow)) levels (Figure 5a) . Interestingly, the combination of HFD and THC produced a significantly greater preservation of rWAT when compared with THC (chow) and vehicle (HFD)-treated rats (F (1,10) ¼ 5.17; Po0.05) (Figure 5a ). No significant change was observed in the iWAT (Figure 5b) . Western blot analysis was used to detect changes in the markers of thermogenic activity (UCP1 protein) in BAT and lipogenesis (FAS) or lipolysis (ATGL and CGI-58 protein) in the rWAT in ABA vehicle (chow), THC (chow), vehicle (HFD), and THC (HFD) animals. A significant reduction in UCP1 protein expression (F (1,10) ¼ 3.87; Po0.05) was seen in THC (chow) and vehicle (HFD)-treated animals when compared with vehicle (chow). This reduction was further enhanced when THC was given in conjunction with HFD (Figure 6a) . In a similar vein, measures of lipolysis (ATGL (Figure 6c ) and CGI-58 (Figure 6d) ) were reduced in THC (chow) and vehicle (HFD) treated compared with vehicle (chow) animals. This reduction in lipolysis compared with vehicle (chow) treatment during ABA underwent an even more dramatic reduction when the THC and HFD regimes were combined (treatment by time interaction: UCP1 (F (1,10) ¼ 5.03; Po0.05); ATGL (F (1,10) ¼ 4.31; Po0.05), and CGI-58 (F (1,10) ¼ 3.84; Po0.05)) (Figure 6a, c, and d) . No shift in the expression of FAS was observed under any condition (Figure 6b ).
DISCUSSION
The present findings support previous descriptions of a robust ABA displayed in rats when restricted time availability of food is combined with access to running wheels (Atchley and Eckel, 2005; Dixon et al, 2003; Hillebrand et al, 2005a Hillebrand et al, ,b, 2006 . This was characterized by hypophagia, hyperactivity, and a rapid reduction of body weight. These data are also supportive of a role for THC in increasing food intake, albeit transiently, which is consistent with the previous demonstration of enhanced intake of highly palatable foods following acute treatment with THC (Koch, 2001) . Importantly, the data presented here show for the first time the efficacy of THC (2.0 mg/kg/day) in retarding the progression of ABA. The attenuating effect of THC on ABA was significantly amplified when a high fat, palatable diet was introduced in conjunction with THC treatment. Furthermore, the expression of genes associated with thermogenesis in BAT and lipid metabolism in WAT shifted in directions consistent with a reduction in energy expenditure and lipolysis.
The conservation of fat that resulted from THC treatment during ABA was registered only in the abdominal compartment and was primarily due to a reduction in lipolytic activity rather than an elevation of lipogenesis. The levels of fat preservation following THC administration were matched by exposure to a HFD. In this respect, the link between ingestion of HFD and increased abdominal fat mass and even retardation of ABA-induced weight loss is not unexpected; however, the increase in caloric intake due to the diet on any single day of treatment was modest only reaching significance when considered over the whole 6-day period (data not shown). The possibility exists that acute exposure to high-caloric diet per se prompted sympathetic nerve-mediated changes in lipolysis. Such changes have been noted in heart rate and blood pressure in the short term following exposure to HFD (Antic et al, 2000) . Furthermore, shifts in sympathetic nerve activity have even been recorded coincident with the start of such a diet well before any possibility exists for a change in fat content (Burke, Prior, Head, Armitage, and Eikelis, personal communication). This explanation is not straightforward, however, as in both the examples cited above and in our understanding of diet-induced thermogenesis, high-calorie diets lead to elevation in sympathetic nerve activity. However, in the present experiments, the HFD when given in the context of the ABA leads to reduced lipolysis and BAT thermogenesis consistent with a reduced sympathetic tone.
What is clear is that the combination of HFD and THC treatment leads to a profound positive effect on energy balance with reductions in lipolysis, thermogenesis (UCP1), and ABA-induced weight loss. The observations in relation to THC and thermogenesis are consistent with previous studies, showing that the administration of the CB1 receptor agonist WIN 55212-2 reduces the expression of UCP1 in the BAT (Perwitz et al, 2006) . In addition, other studies exploring the role of the endocannabinoid system have shown that blockade of cannabinoid receptors induces transcriptional changes consistent with enhanced lipolysis and increased energy expenditure (Jbilo et al, 2005) , including an elevation of thermogenic activity in BAT . As CB1 receptors are present and functional in the CNS (Herkenham et al, 1991a,b) and in white (Fisk et al, 2006) and brown (Jbilo et al, 2005) adipose tissues, it is conceivable that the effects observed in the present experiments of THC on lipid metabolism and thermogenesis are either centrally or peripherally mediated.
The THC-induced shifts in the markers of lipogenesis (FAS), lipolysis (ATGL and CGI-58), and thermogenesis (UCP1) are consistent with a reduction in catabolic processes in white and brown fat that collectively enhance weight gain and resistance to the ABA. The mechanisms by which THC impacts on these processes in different fat depots are, as yet, unclear. One possibility is that the changes in thermogensis and lipolysis could be mediated via cannabinoid actions on AMP-activated protein kinase (AMPK). It is well established that AMPK activation stimulates UCP1 expression (Rossmeisl et al, 2004) inhibits lipogenesis and stimulates lipid oxidation (Lihn et al, 2004) . This has been demonstrated within the starvation context where 48 h food deprivation significantly elevates AMPK activity in the adipose tissue that is diminished following re-feeding (Assifi et al, 2005) . Furthermore, feeding animals a HFD has been shown to significantly inhibit AMPK activity (Liu et al, 2006) . Recently, it has been shown that THC inhibits AMPK in the abdominal WAT (Kola et al, 2005) . Thus, it is possible that within the ABA model, THC administration alone or in combination with the high-fat food inhibits AMPK activity thereby mimicking a re-feeding state leading to increased conservation of the adipose depots shown in Figure 5 .
Considering that THC reliably produces hypothermia (De Vry et al, 2004; McKinney et al, 2008) , it is conceivable that THC-induced decrease in body temperature could lead to a reduction in BAT temperature-associated thermogenic activity. However, we have shown that BAT temperature varies in the same direction as, but is temporally independent of, shifts in core temperature (Stefanidis et al, 2009) . It is likely that the same relationship between the two measures exists in the present experiment. Furthermore, tolerance to the hypothermic effect of THC develops within 2-3 days (De Vry et al, 2004; McKinney et al, 2008) , while THC was administered in the current study over a period of 6 days, suggesting that the continued elevation of UCP1 protein is indicative of long-term activation of thermogenesis ) that is independent of core temperature.
The finding that administration of 0.5 and 2.0 mg/kg/day THC significantly stimulates appetite in ABA animals given restricted access to chow for 90 min complements previous studies showing a stimulation of food intake in normal, non-ABA rats (Verty et al, 2004 (Verty et al, , 2005 Williams and Kirkham, 2002a,b) . The lack of effect on food intake seen on days 2, 3, 4, 5, and 6 (see Figure 1a) supports the transient nature of hyperphagia following subchronic administration of THC.
Despite all of these shifts in metabolic parameters, body weight is the essential index determining the progression of ABA (Siegfried et al, 2003) . Using this index, the data derived here show that THC (2.0 mg/kg/day) produces a significant attenuation of body weight loss associated with AN in animals fed either a chow or a HFD that is independent of any meaningful effect on RWA. Although the 2.0 mg/kg/day THC-treated rats fed a HFD did show a significant attenuation of RWA at 2, 3, and 4 h when compared with vehicle, this effect was indistinguishable from vehicle for the remainder of 21 h of RWA measurement (Figure 3a) . This initial reduction in activity mirrors previous studies showing hypoactivity in response to acute THC administration (De Vry et al, 2004; McKinney et al, 2008) . However, the initial retardation in the onset of RWA (Figures 1b and 3a) is unlikely to have accounted for the robust attenuation of body weight loss observed. This is an important observation given the fact that previous studies using the ABA model have relied almost completely on the sedative actions of agents such as the antipsychotic drug, olanzapine to sever the nexus between weight loss and excessive exercise (Hillebrand et al, 2005b ). This nexus is also an important focal point for therapies in the human condition (Bratland-Sanda et al, 2010) . The combination of 2.0 mg/kg/day THC and a HFD produced a significantly greater attenuation of weight loss that was different than would be attributed to the attenuation of weight loss observed with vehicle-treated high fat and THC-treated chow fed animals (Figure 4) . Notably, a number of studies have shown that cannabinoids enhance the intake of palatable diets such as those high in fat and salt content (Koch, 2001; Mahler et al, 2007) , suggesting a possible influence on the reward or hedonic value of food. It is tempting to suggest that the attenuation of weight loss observed following the administration of THC alone or in combination with a HFD was due to increased hedonic tone. However, our data points toward reduced energy expenditure in the form of decreased thermogenesis (UCP1 expression) and reduced lipolysis. That being said, it is important to note that reduced hedonia has an important part in the pathophysiology of AN and it remains to be more rigorously determined as to the exact role of the mesolimbic dopaminergic system in this disease.
The findings reported here are contrary to a recent study showing an increase in mortality rate in male ABA mice given THC (Lewis and Brett, 2010) . The reasons for these discrepant findings are not clear but may reflect important differences in the way cannabinoid ligands produce contrasting results in rats and mice. For example, in mice, cannabinoid receptor 1 agonists are anxiolytic while in rats they are anxiogenic (Berrendero and Maldonado, 2002; Patel and Hillard, 2006; Valjent et al, 2002) . It is quite possible that these or other species differences exist within the ABA model and the effect of drugs on it and could explain the improved survival in our study vs the increased mortality shown by Lewis and Brett (2010) .
Within the human context, the efficacy of THC in reversing anorexia associated with cancer chemotherapy and HIV has been well established (Beal et al, 1995 (Beal et al, , 1997 Jatoi et al, 2002) . However, the evidence for the effectiveness of THC in attenuating the symptoms of AN is equivocal. Specifically, a randomized double-blind study comparing THC with a placebo (diazepam) failed to show any weight gain in patients with AN (Gross et al, 1983) . These results need to be considered with caution as both the THC and placebo-treated subjects gained equal amounts of weight (B12%). This is not surprising as the placebo used (diazepam) consistently stimulates food intake and body weight in both animals (Naruse, 1994; Patel and Ebenezer, 2008) and humans (Frisbie and Aguilera, 1995) . Therefore, the conclusion drawn regarding the lack of efficacy of THC treatment in AN needs closer examination.
A recent study using the ABA model has demonstrated the efficacy of a HFD in rescuing rodents from anorexia (Brown et al, 2008) . However, feeding a HFD to human AN patients runs contrary to the characteristics of the disorder and attempts to do this have been shown to heighten anxiety associated with eating a high-caloric diet (Boutelle, 1998) . In this regard, THC which is a known anxiolytic would, at least theoretically, represent an appropriate combination therapy with a HFD in the treatment of AN.
In conclusion, these data establish for the first time the effectiveness of THC in rescuing animals from profound body weight loss associated with the development of ABA, independent of physical activity, which is enhanced if allowed access to highly palatable foods. These results from the animal-based model of AN highlight the potential of cannabinoids and of the endocannabinoid system in the treatment of human anorexia.
